Background Gait phenotypes are well documented in people with Down syndrome (pwDS), but sexrelated differences are still unexplored. This study investigated the existence of possible differences in spatio-temporal and kinematic parameters of gait between men and women with DS using quantitative three-dimensional gait analysis. Methods Gait patterns of 117 pwDS (53 F, 64 M) who underwent a computerised gait analysis from 2002 to 2017 were retrospectively analysed to obtain spatio-temporal gait parameters and kinematics in the sagittal plane at hip, knee and ankle joints, as well as foot progression. Results Overall, when considered as a single group, the gait patterns found for pwDS confirmed the findings of previous studies. However, when analysed by sex, our data revealed that women with DS exhibit a larger hip flexion at late stance (42% to 54% of the gait cycle) and reduced knee flexion at the beginning of the swing phase (61% to 69% of the gait cycle). In contrast, men are characterised by larger foot extrarotation angles through most of the stance phase (from 0% to 55% of the gait cycle) and at the end of the swing phase (92% to 99% of the gait cycle). No
Introduction
In people with Down syndrome (pwDS), the presence of ligament laxity and muscle hypotonia in the lower limbs critically affects balance and mobility. In particular, since early childhood, pwDS exhibit a peculiar gait pattern characterised by external rotation of the hips, flexed/valgus knees, external rotation of the tibias and flatfoot associated with abnormal foot rotation (Roizen & Patterson 2003; Galli et al. 2014) . Such alterations, which emerge in terms of reduced speed, step length and increased step width (Kubo & Ulrich 2006; Agiovlasitis et al. 2009; Horvat et al. 2), originate a gait function that is less stable and more demanding in terms of energetic cost, particularly at higher speeds (Agiovlasitis et al. 2009 ). Locomotion may also be further impaired by the presence of obesity (another distinctive feature of DS), which enhances reductions in speed, step length and cadence (Elshemy 2013) . However, little information is available regarding possible differences in gait and mobility between men and women with DS. The only available information to date is the existence of sex-related differences in foot-ground contact areas and plantar pressure distribution among children and adolescents (Pau et al. 2013) , which was hypothesised as due to peculiar fat mass distribution observed in girls and boys.
It is known that healthy men walk at a higher speed, with longer step lengths and reduced cadence with respect to women (Öberg et al. 1993; Callisaya et al. 2010) . Moreover, sex-related differences in gait kinematics have been consistently reported by multiple independent studies, especially concerning the range of motion (ROM) of pelvis and hip joint in the coronal plane, ankle dorsi-plantar-flexion in the sagittal plane and hip excursions in the transverse plane (Frimenko et al. 2014) . While the former appears mostly influenced by intrinsic anthropometry features such as stature, the specific kinematic patterns of men and women are probably due to a combination of musculoskeletal morphology and sociocultural factors . Such differences may also be enhanced (or simply modified) in the presence of conditions able to affect gait, as already demonstrated in the case of either musculoskeletal (Foucher 2016; Phinyomark et al. 2016) or neurologic diseases (Pau et al. 2017) . This suggested the need to plan preventive and rehabilitative physical treatments considering sexrelated specificities of gait so as to achieve the maximum effectiveness possible.
Based on these considerations, the aim of the present study was to assess gait spatio-temporal and kinematic differences in men and women with DS using computerised three-dimensional gait analysis. This approach, which is considered the gold standard in investigating gait alterations in the clinical field (Wren et al. 2011) , was already successfully employed to characterise walking impairments typical of DS, namely, increase in hip flexion throughout the entire gait cycle, increase in knee flexion in the stance phase, reduction in peak knee flexion in the stance phase, some degree of ankle stiffness, reduction in peak plantar flexion at pre-swing phase and reduction in peak dorsiflexion in the initial stance phase (Galli et al. 2008; Cimolin et al. 2010; Cimolin et al. 2011; Rigoldi et al. 2011; Rigoldi et al. 2012) . Our hypothesis is that pwDS exhibit sex-related gait patterns different from those of healthy individuals. A better understanding of such specificities may represent a relevant input in planning specific and optimised physical and rehabilitative training.
Methods

Participants
In the period 2002-2017, 234 pwDS underwent a three-dimensional gait analysis at the Movement Analysis Lab of the IRCCS 'San Raffaele Pisana' (Tosinvest Sanità, Rome, Italy). For the purposes of the present study, we considered eligible those who satisfied the following inclusion criteria: age ≥ 18 years, no clinical sign of dementia, no previous surgery or other significant orthopaedic treatment, ability to ambulate without an assisting device (i.e. canes, crutches or walking frames) for at least 100 m and free from any other condition potentially able to severely affect gait or balance. The selection resulted in a group composed of 117 pwDS (53 F, 64 M). Their main anthropometric and clinical features are reported in Table 1 .
The study was approved by the Ethics Committee of the Ethics Committee of the IRCCS 'San Raffaele' hospital (Protocol SPOL, reference number 17/17, 06/2017) and conducted according to the principles expressed in the World Medical Association Declaration of Helsinki. All pwDS or their legal guardians signed an informed consent prior to participation.
Spatio-temporal and kinematic data collection
The acquisition of kinematic and spatio-temporal parameters of gait was performed using a motioncapture system composed of 12 infrared cameras (Elite 2002, BTS Bioengineering S.p.A., Milan, Italy) at a frequency of 100 Hz. Prior to acquisition, data on height, weight, anterior superior iliac spines distance, pelvis thickness, knee and ankle width and leg length (distance between anterior superior iliac spines and medial malleolus) were acquired using a digital scale, a height measurement device, a pelvimeter and a flexible meter, respectively. Then, 22 spherical retroreflective passive markers (15-mm diameter) were placed on the skin of individuals' lower limbs and trunk at specific landmarks following the protocol described by Davis et al. (1991) . Afterwards, participants were requested to walk at a self-selected speed in the most natural manner possible on a 10-m straight walkway for at least six times, allowing suitable rest times between trials. The raw data were processed with the Elite Clinic v.3.4.109 software (BTS Bioengineering S.p.A., Italy), and the following parameters were calculated:
• Spatio-temporal: gait speed, step length, cadence, stance, swing and duration of double support phases. Parameters known to be dependent on anthropometry (i.e. speed, cadence and stride length) were normalised by dividing them by the body's height (Pinzone et al., 2016) .
• Hip and knee flexion-extension, ankle dorsiplantar-flexion and foot progression angle variations during the gait cycle as well as the dynamic ROM (i.e. the difference between the maximum and minimum angle value recorded during a trial) calculated during the whole gait cycle.
Statistical analysis
The possible differences introduced in gait patterns by sex were assessed using two statistical approaches: for the spatio-temporal parameters and dynamic ROM, a one-way multivariate analysis of variance (MANOVA) was performed considering sex as the independent variable and as dependent variables, the six previously listed spatio-temporal parameters or the three dynamic ROM at hip, knee and ankle joints. The level of significance was set at p = 0.05, and the effect sizes were assessed using eta-squared coefficients. Univariate ANOVA was carried out as a post hoc test by reducing the level of significance to p = 0.008 (0.05/6) and p = 0.016 (0.05/3) after a Bonferroni correction for multiple comparisons. Further, the differences associated with the joint angle curves were assessed on a point-by-point basis (similar to the proposal by Bruening et al. 2015 and Pau et al. 2017 ) using a one-way ANOVA for each movement of interest. In this way, it was possible to define the periods within the gait cycle where significant sex-related differences emerged. All analyses were performed using the IBM SPSS Statistics v.20 software (IBM, Armonk, NY, USA).
Results
At first, data were screened to assess the existence of possible differences in spatio-temporal and kinematic gait parameters associated with the limb considered. To this end, a t-test found no significant differences between left and right side; thus, both were considered for the subsequent analysis. Overall, 234 limbs (106 of female and 128 of male participants) were included in each statistical test. The results of the comparison between spatio-temporal parameters of gait and dynamic ROM for the two groups are summarised in Tables 2 and 3, while the angular changes during the gait cycle for hip, knee and ankle joints in the sagittal plane and for foot in the frontal plane are reported in Figure 1 .
The MANOVA carried out on non-normalised spatio-temporal parameters of gait did not reveal main effect of the participant's sex, F 7, 109 = 2.04, p = 0.057, Wilks' λ = 0.88, η 2 = 0.12, while when the variables were normalised considering the individual's anthropometry, the effect of sex became significant, F 7, 109 = 6.51, p < 0.001, Wilks' λ = 0.70, η 2 = 0.29. However, the subsequent post hoc ANOVA tests revealed that only cadence was significantly major in females with respect to men (67.28 vs. 62.16, p = 0.001). About the dynamic ROMs calculated for the hip, knee and ankle joints, MANOVA did not detect a significant main effect of sex, F 3, 113 = 2.13, p = 0.100, Wilks λ = 0.95, η 2 = 0.05.
The statistical analysis carried out on hip, knee and ankle joint kinematics in the sagittal plane revealed a significantly larger hip flexion in women from 42% to 54% of the gait cycle (p < 0.05) and significantly increased knee flexion in men at the beginning of the swing phase (61% to 69% of the gait cycle, p < 0.05). In contrast, no differences between the two groups were found as regards ankle dorsi-plantar flexion. Finally, it was found that men exhibit significantly higher foot extra-rotation, particularly through most of the stance phase (from 0% to 55% of the gait cycle, p < 0.05) and at the end of the swing phase (92% to 99%, p < 0.05).
Discussion
The present study aimed to assess the existence of possible differences in gait patterns between men and women with DS by comparing the gait variables that define the typical motor phenotype in adults with DS, namely, spatio-temporal parameters and kinematics of hip, knee and ankle joints in the sagittal plane and of the foot in the frontal plane. For this reason, this study is pertinent to gender specific medicine, i.e. the study of how diseases or genetic disorders differ between men and women in terms of prevention, clinical signs, therapeutic approach, prognosis, psychological and social impact. It has long been a neglected dimension of medicine, but recently, the importance and urgency of basic science and clinical research in increasing the understanding of gender differences of diseases and genetic conditions have been emphasised (Baggio et al. 2013) .
Our results partly support the initial hypothesis: while all spatio-temporal parameters of gait except cadence were similar in both groups, a number of 67 Values are expressed as mean ± SD. *Significant difference vs. women after Bonferroni correction (p < 0.008). relevant differences in angular kinematics were observed, particularly as regards foot and, to a lesser extent, knee and hip joints. Although previous studies carried out on large samples of healthy individuals reported that men are characterised by higher gait speed and stride length and lower cadence than women at any age (Öberg et al. 1993; Hollman et al. 2011) , it is noteworthy that in most cases, such differences are most likely due to anthropometric factors, particularly stature. When data were adjusted by considering the individual's leg length or height, such differences no longer existed (see the review by Frimenko et al. 2014 , for details). However, in our case, a significant difference in cadence (higher in women with DS) was still present even after data normalisation. This result is however fully consistent with what is reported in the systematic reviews by Frimenko et al. (2014 Frimenko et al. ( , 2015 , who found that cadence is systematically higher in women considering both the normalised and non-normalised values, and thus, it should be considered as a peculiar biological feature of female gait. According to our findings, such peculiarities are preserved even in the presence of Down syndrome. In addition, a number of significant differences (of varying magnitudes) emerged from the analysis of the kinematic data. In the following, they will be discussed on a joint-by-joint basis.
Hip
Men exhibited higher values of hip extension throughout the entire gait cycle, with significant differences at the end of the stance phase. Such findings are consistent with previous studies carried out on healthy individuals (Kerrigan et al. 1998; Cho et al. 2004; Lee et al. 2005) , which explain the greater hip flexion of women by observing that they are characterised by longer stride length in proportion to their height and due to weaker abdominal muscles. Thus, it is reasonable to state that the presence of Down syndrome did not alter the main morphological differences between men and women, even though the dynamic ROMs appeared substantially reduced (34°-35°of the pwDS vs. 42°-48°typical of healthy individuals, Öberg et al. 1993; Cho et al. 2004; Bruening et al. 2015 ).
Knee
At the knee level, we observed a slightly, yet significant, higher flexion in men with DS with respect to women in the early stage of the swing phase, while the overall dynamic ROM was found similar in the two groups. As the few existing studies provide mixed evidence on gender-related differences in knee flexion extension, to date, it has been impossible to define a clear trend for this movement (Frimenko et al. 2014) . However, it is noteworthy that the analysis performed by Ko et al. (2011) on 336 adults aged 50-96 years showed that men exhibited a larger flexion angle through most of the stance phase and at the beginning of the swing phase. The results of the present study appear to confirm at least this latter aspect. Piazza and Delp (1996) highlighted the crucial role played by lower limb muscles on knee flexion and, through the development of a muscleactuated forward dynamic simulation of the swing phase of normal gait, stated that a reduction in the peak knee flexion during the swing phase may be originated by several factors such as an increase in knee extension moment, a decrease in toe-off knee flexion velocity or weakened hip flexors. Although we have no muscular strength data on our sample of pwDS, it may be that the reduced flexion in women is due to some kind of muscular deficit with respect to men, a fact that was reported in previous studies (Pitetti et al. 1992 ).
Ankle
At the ankle level, the analysis detected no difference between the groups, contrary to what was described in previous studies on healthy individuals that reported higher ROMs in women (Frimenko et al. 2014 ) and a larger peak of plantar-flexion at the stance-swing phase transition (Ko et al. 2011) . However, the reduction in ROM found in both groups, as well as the reduction of plantarflexion peak at toe-off (probably caused by a reduction in the propulsive force), are consistent with previous studies (Galli et al. 2008) . Thus, it appears that women with DS may undergo superior impairments at the ankle joint due to the presence of the condition.
Foot
The most relevant differences between men and women with DS were observed for the foot movement in the transverse plane. In particular, a significantly larger extra-rotation of foot was detected in men for most of the stance phase and during the terminal swing. Alterations of foot progression, which have been identified as distinctive feature of pwDS, are due to external rotation of hips and tibias and associated with the presence of flatfoot (Galli et al. 2014) . To the authors' knowledge, no previous studies investigated the existence of possible gender-related differences in foot progression of either typically developing or affected by DS individuals; thus, it is difficult to find a comparison term for our data. However, it is noteworthy that men are more likely to exhibit flatfoot, both in the presence of DS (Jenkins et al. 2015) and in the unaffected population (Shibuya et al. 2010; Troiano et al. 2017) , and thus, because extrarotations are more likely to occur in pwDS presenting flatfoot (Galli et al. 2014) , the major prevalence of such a dysfunction in men would likely also increase the risk of alterations in foot progression.
Clinical implications
Although the alterations observed at hip and knee level involve limited portions of the gait cycle, they may provide some insight useful to plan physical activity or rehabilitation treatments that take into account gender specificities. For instance, the reduced hip extension observed in women might be treated even using simple intervention like stretching exercises. Such approach is likely to contribute in improving walking performance and represent a tool to limit the risk of falls especially as age advances. Similarly, the large differences observed in terms of foot progression between women and men with DS (probably due to different degrees of external tibial torsion) may be associated with patellofemoral joint syndrome (Turner & Smillie 1981) and has been proven able to induce alterations of the magnitude of the peak knee adduction moment (Teichtahl et al. 2006) . However, in this case, the scarcity of experimental and clinical data does not allow to hypothesise a generalised treatment plan, and thus, physical therapist should approach such issue on a case-by-case basis.
Limitations of the study
The main drawback of the study lies in its retrospective cross-sectional nature. In fact, this prevents verification of whether the detected genderrelated differences in kinematic patterns of pwDS changed with maturation or if their onset dated back to early childhood and remained unaltered during their life course. Also, in our analysis, we focused on biomechanical data without considering the potential influence of cognitive impairments, which are known to be involved in gait deterioration (AndersonMooney et al. 2016) . Further investigations might include the analysis of gait alteration and IQ values in pwDS. Besides, the inclusion of kinetic data may highlight data related to gender differences in ground reaction forces, moments and power, which represent the mechanical cause of the movement.
Conclusion
Individuals with DS exhibited specific gait patterns differing by gender. Some differences such as superior cadence and reduced hip extension of women resembled those previously observed in unaffected individuals, while others, such as the similar ankle dorsi-plantar-flexion and the higher foot extrarotation in men, appear to be associated with the presence of the condition. While further investigations are needed to confirm these findings and also to verify how such differences possibly evolve from childhood to adulthood, it is important to consider the peculiar aspects of ambulation of each gender not only to have a better understanding of the gait alterations caused by DS but also to promote a more effective planning of rehabilitative treatments.
